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We report optical, electrical and magneto transport properties of a high quahty oxygen deficient 
SrTiOa (STO) thin film fabricated by pulsed laser deposition technique. The oxygen vacancy distri- 
bution in the thin film is expected to be uniform. By comparing its electrical properties to those of 
oxygen deficient bulk STO, it was found that the oxygen vacancies in bulk STO is far from uniform 
over the whole material. The metal-insulator transition (MIT) observed in the oxygen deficient STO 
film was found to be induced by the carrier freeze-out effect. The low temperature frozen state can 
be re-excited by Joule heating, electric and intriguingly magnetic field. 



PACS numbers: 73.40.Rw, 73.50.Gr, 73.20.Hb 

Like Silicon in the semiconductor technology, SrTiOa 
(STO) is the most used substrate in oxide electronics be- 
cause of its large dielectric constant [1] , the close lattice 
match to a wide range of other perovskite oxides and its 
excellent thermal and chemical stabilities. Recently, two- 
dimensional electron gas [2,3] and electronic phase sepa- 
ration [4] have been demonstrated to emerge at the bare 
STO surface. Understanding the electronic and magnetic 
properties of STO under different oxidation states and 
external excitations is therefore very crucial to reveal the 
origin of these emerging phenomena and to use STO in 
devices. STO is a typical nonpolar band insulator with an 
indirect band gap of ~ 3.27 eV [5], but oxygen deficient 
STO can show a metallic phase with a flexible tunability 
in electrical conductivity depending on the concentration 
of oxygen vacancies. More attractively, oxygen deficient 
STO is the first oxide discovered to be superconductive 
[6] with the Tc between 0.1 and 0.6 K [7]. Shubnikov-de 
Haas (SdH) oscillations [8] are also observed under usual 
laboratorial magnetic fields due to the high mobility [9] 
of free electrons. As a result of the large effective mass of 
the electrons at the bottom of the conduction band, oxy- 
gen deficient STO possesses a large Seebeck coefficient of 
~ 890 /iV/K at room temperature (RT) [10], thus being 
a focus point in solid state thermoelectric too. 

Although so many interesting phenomena in oxygen 
deficient STO, the inhomogeneity of oxygen vacancies ob- 
tained by reducing bulk single crystals in vacuum and 
at high temperature is always an issue [6-11]; that is 
because the diffusion process of oxygen ions is usually 
proportional to the square root of time and the diffu- 
sion coefficient of oxygen ions in STO is small, namely 
~ 10-1° cmVs at 950°C [12]. For example, taking 1 
hour as the annealing time at 950° C, the diffusion length 
I — VdI of oxygen ions in single crystal STO will be 

6 /im, where D is the diffusion coefficient and t is the 



annealing time. Tufte and Chapman [9] found that the 
reduced STO samples begin to reoxidize from a very low 
temperature of ~500 K. Frederikse et al. [8] observed 
SDH oscillations in reduced STO samples, which theo- 
retically and also experimentally prefer to appear in a 
system close to a high mobility two-dimensional electron 
system [13]. These observations suggest that the oxy- 
gen vacancies may mostly exist near the surface rather 
than uniformly over the whole bulk material. Therefore, 
the values of some physical quantities [6-11] like resistiv- 
ity and carrier density, derived from the thickness of the 
whole bulk sample, which was used to characterize the 
dimension of the conducting area, would be of dubious 
validity. On the other hand, the intrinsic properties of the 
material are closely related to these physical parameters. 
For example, the superconducting Tc of oxygen deficient 
STO apparently depends on the carrier density [7,11]. 
Additionally, the inhomogeneities could generate signif- 
icant influence on electrical and galvanomagnetic mea- 
surements, and can even give rise to intriguing quantum 
effect-linear magnetic field dependence of the transverse 
magnetoresistance (MR) [14,15]. 

Here we report the metal-insulator transition (MIT) 
observed in oxygen deficient STO film, in which the oxy- 
gen vacancies are expected to uniformly distribute. As 
a highly interesting subject in condensed matter physics, 
MIT has various intriguing mechanisms [16]. However 
the MIT observed here is ascribed to the deionization 
effect of oxygen vacancies with decreasing temperature, 
which serve as doubly charged donor centers to make 
STO metallic at high temperatures. Both the resistiv- 
ity and carrier density are significantly different from the 
ones of the bulk samples with the carrier freeze-out phe- 
nomenon [9], i.e., several ten times smaller and larger 
respectively. The frozen non-metallic state can be re- 
excited by electric field and Joule heating. Surprisingly, 
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FIG. 1: (a) 3D atomic force microscope image of an 1 x 1 fim^ 
area of the STO film, (b) X-ray diffraction of as-grown STO 
film on LAO substrate, (c) Room temperature ultraviolet- 
visible-infrared spectroscopy of the oxygen deficient STO film 
(obtained by annealing in ~ 1 x fO~^ Torr vacuum at 950°C 
for 1 hour) from 240 to 1600 nm. (Inset) The transmittance 
data plotted versus the reciprocal of the wavelength from 380 
to 1600 nm. (d) Room temperature photoluminescence spec- 
troscopy of the oxygen deficient STO film between 400 and 
460 nm. 
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FIG. 2: (a) Temperature dependences of the resistivity (p—T) 
during different measurement processes and its carrier mobil- 
ity over the temperature range 300 — 2 K, and (b) the corre- 
sponding carrier density n. The Arrhenius plot of ln(n) for 
the temperature range 300 — 200 K and the linear fitting are 
drawn in the inset of (b). 



it was found that the low temperature carrier freeze-out 
can also be suppressed by large magnetic fields, leading 
to negative MR. 

In this work, pulsed laser deposition technique was 
used to fabricate a STO film from a single crystal STO 
target on a (lOO)-oriented LaAlOa (LAO) single crystal 
substrate (both sides polished) under 6 x 10^"^ Ton O2 
at 800° C. During deposition, the fiuence of laser energy 
was kept at 4 J/cm^ and the repetition rate of laser 4 Hz. 
To avoid the influence of the possible interface eff'ect [13] 
and to keep the properties of the film akin to bulk STO, 
a film with a thickness of ^^2.6 /im was deposited. 



■ CB of STO 






^ ?^ mnV 


3.27 eV 




/ 1 

D2~ 0.385eV 0.475 eV 


^^^^^^^ 



FIG. 3: Band diagram of the oxygen deficient STO film and 
also the possible light emission mechanism. The energy inter- 
vals are not drawn to scale. 

The 3D atomic force microscope image of the topogra- 
phy of the as-deposited STO film on the LAO substrate 
[Fig. 1(a)] shows the variation in the z-dimension which 
is less than 6 nm. The root mean square value of the sur- 
face roughness in this 1 /im x 1 /im area is only ^0.541 
nm, revealing a quite flat surface considering the fllm 
thickness of ~2.6 /im determined by surface proflle mea- 
suring system. The x-ray diffraction (Cu-Kq1 ray) pat- 
tern of the STO fllm is shown in Fig. 1(b). The adjacent 
double diffraction peaks of the fllm and the substrate for 
each order indicate the typical characteristic of epitaxial 
growth. LAO is an excellent substrate to study oxygen 
deflcient fllms because it is fairly difficult to create oxy- 
gen vacancies inside. Although it is a polar material, 
the bulk LAO will experience surface reconstruction and 
thus its surface would be nonpolar. This was con?rmed 
by our experiments, where STO layer-by-layer grown on 
fully LaO-terminated LAO was highly insulating, indi- 
cating no polar discontinuity at the interface. 

The deposited STO fllm was reduced by annealing the 
sample at 950°C and ~ 1 x 10~^ Torr vacuum for 1 hour. 
The transmittance spectrum [Fig. 1(c)] of the oxygen de- 
flcient STO film was measured using ultraviolet-visible 
(UV) spectroscopy from 240 to 1600 nm. The absorp- 
tion edge is ~380 nm, well corresponding to the band 
gap of STO. This suggests that after vacuum annealing 
the lattice structure of the STO film is still well stand- 
ing. The spectrum displays an interference pattern with 
relatively high transmittance above 380 nm, which per- 
tains to a scenario where the thick and highly smooth 
STO film serves as a Fabry-Perot interferometer. So the 
transmittance will show peaks when the wavelength A 
of the normal incident optical wave meets the following 
condition: 

2?i(A)<i = kX (1) 

where n{X) is the refractive index as a function of wave- 
length due to the strong dispersion [17], d is the film 
thickness and k is the order of the fringe. Equivalently, 
the transmittance will periodically oscillate with n(A)/A 
at a period of l/2d. To simply estimate the film thick- 
ness from the oscillations, take an intermediate refractive 
index 2.0516 [18], to keep n as a constant. Thus if the 
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FIG. 4: (a) p — T curves of the oxygen deficient STO film 
measured by tfie different currents, i.e., 0.01, 0.1 and f mA. 
(Inset) The resistivity at 2 K (obtained by the dV/dl mea- 
surement) versus the measuring current from -2 to 2 mA. (b) 
Time dependence of the resistivity at 2 K determined by O.OI 
mA for a continues measurement up to 10 000 s. 

transmittance data of the wavelength from 380 to 1600 
nm are plotted versus 1/A as shown in the inset of Fig. 
1(c), the average period of the oscillations in 1/A will 
be l/2nd. The fitted average period is 9.66384 x 10"^ 
nm^^ and therefore the derived thickness is 2524 nm. 
The value is consistent with the directly measured one 
but slightly smaller since the intrinsic refractive index 
should be smaller than that of a usual STO film due to 
the oxygen vacancies [19]. 

The optical absorption of free electrons generated from 
oxygen vacancies is not seen in the UV spectroscopy, 
which typically leads to a decrease in transmittance espe- 
cially in the long wavelength region and is likely buried 
by the strong interference here. However, the multiple 
photoluminescence (PL) emission peaks mostly from the 
oxygen vacancies [20] can be clearly seen [Fig. 1(d)]. The 
three PL peaks correspond to the energy intervals 2.95, 
2.86 and 2.76 eV, respectively. 

The transport properties of the vacuum-annealed STO 
film were measured by a Quantum Design PPMS ma- 
chine. Aluminum wires were used through wire bonding 
for contacts. The temperature dependence of the resistiv- 
ity {p — T) measured by 10 /iA is shown on a logarithmic 
scale in Fig. 2(a). There is no observable difference be- 
tween the cooling down and warming \xp p — T curves. 
The p — T curves reveal an obvious metal-insulator tran- 
sition at ~ 78 K: at higher temperatures above 78 K, the 
resistivity is small and presents metallic behavior; never- 
theless, the resistivity begins to increase with decreasing 
temperature dramatically from 78 K and reaches nearly 
six times the RT resistivity at 2 K. Figure 2(b) shows 
that the carrier density decreases by an order of mag- 
nitude when decreasing the temperature from 300 to 10 
K. These are well the characteristics of a carrier freeze-out 
phenomenon [9,21]; the density of donors (oxygen vacan- 
cies here) is low such that the donor level is separated 
from the bottom of the conduction band. Hence once 
the temperature decreases to some extent, most of free 
electrons will shrink down to the lower donor level and 
get trapped. 



The activation energy e at high temperatures, fitted 
using 

ncxe(-^/^«^), (2) 

is ~25 meV [inset of Fig. 2(b)], which is close to the 
RT thermal energy. Simply taking this value to char- 
acterize the energy interval between the donor level and 
the bottom of the conduction band, a band diagram of 
the oxygen deficient STO film can be obtained as de- 
picted in Fig. 3 on the basis of the PL emission peaks 
[Fig. 1(d)]. The defect levels (close to the valence band) 
of STO are consistent with [20]. The resistivity (~ 0.1 
ilcm) and carrier density (1.4 x 10^^ cm"-^) at RT of the 
STO film are respectively 30 — 50 times smaller and ~30 
times larger than those of the bulk samples with the sim- 
ilar carrier freeze-out phenomenon [9]. These strongly 
suggest that the uniform area of the oxygen vacancies in 
a bulk STO is at most one-tenth of the whole single crys- 
tal thickness. So all the previous data of the resistivity 
and carrier density [6-11] related to the bulk STO should 
be re-considered carefully. 

The corresponding carrier mobility from 300 to 10 
K [Fig. 2(a)] is overall small and peaks around the 
phase transition temperature below which the mobility 
decreases with decreasing temperature due to the car- 
rier freezing. At high temperatures the linear power law 
dependence of the mobility on temperature is more obvi- 
ous. The frozen state can be re-excited by larger electric 
fields at low temperatures. As shown in Fig. 4(a), the 
resistivity decreases with increasing measuring current 
especially below 10 K. At 2 K, the resistivity obtained 
from dl/dV measurement clearly displays a large neg- 
ative electroresistance originated from the electrical ex- 
citation to trapped electrons, which can be defined as 
[p{I) — p{0)]/ p{0) and reaches —50% when the excitation 
current is 2 mA [inset of Fig. 4(a)]. Additionally, it was 
found that there is also a time dependence of the resis- 
tivity for the frozen state. As seen in Fig. 4(b), the resis- 
tivity at 2 K relaxes with the continuous measuring time, 
which suggests that the thermal effect is playing an im- 
portant role during measurement. It can be understood 
by the ideas that the thermal conductivity of STO is very 
low [10] over the whole temperature range from 1.4 to 100 
K and moreover after reducing there will be a significant 
decrease [22] due to the scattering of phonons from oxy- 
gen vacancies. Therefore the local temperature on the 
sample surface would increase as a result of the Joule 
heat accumulation, eventually yielding a decrease in re- 
sistivity under the low temperature frozen non-metallic 
state. However, the thermal effect at 2 K is much weaker 
than the electrical re-excitation. 

The 9 T magnetic field applied perpendicular to the 
STO film surface results in a negative MR although it is 
relatively small and can only be seen below 5 K in the 
p — T curves. The MR curve of 2 K up to 9 T is shown 
in Fig. 5(a). It was found there was an asymmetry in 
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the first curve obtained by scanning field from -9 to 9 
T. To check whether the asymmetry was due to an im- 
proper measuring geometry, the sample was warmed up 
to RT and then cooled down to 2 K again to repeat the 
measurement but scanning field from 9 to -9 T. It was 
found there is always an asymmetry generated from an 
additional overall decrease in resistivity over the measur- 
ing time regardless of the scanning sequence of magnetic 
field; this indicates the asymmetry in the MR curves is 
from the thermal effect rather than the measurement ge- 
ometry. Considering deducting the thermal effect, the 
shape of the MR curve at 2 K would be more close to a 
letter 'M'. The positive MR under small magnetic fields 
can be easily elucidated by the typical Lorentz scatter- 
ing because the magnetic field is perpendicular to the 
current. The positive MR is very small because of the 
poor mobility of the charge carriers in the frozen state. 
However, there should still be another mechanism com- 
peting with the Lorentz scattering to account for the neg- 
ative MR. Considering that the resistance at low temper- 
atures is predominantly due to the trapping of carriers, 
so it seems plausible to imagine that the large magnetic 
field can somehow help to physically detrap the local- 
ized electrons from the trapping centers with the assis- 
tance of an excitation electric field through the Lorentz 
force. This could be more appropriate to the specific case 
here although a large number of mechanisms can result 
in a negative MR. On the other hand, oxygen vacancies in 
the Ti02 interface layer can also enhance the tendency 
for ferromagnetism considerably [23] similar to the Ti 3d 
electrons from interface charge transfer [4,24], which may 
also be possible for the negative MR seen here. 

The bulk STO single crystal, vacuum-annealed to- 
gether with the STO film, is metallic over the whole tem- 
perature range of 300 — 2 K. The quadratic MR at 2 K 
[Fig. 5(b)] is quite large up to ^900% at 5 T because of 
an extremely high mobility exceeding 10 000 cm^V~^s^^ 
[inset of Fig. 5(b)] and does not show any signature of a 
negative MR up to 5 T. This strengthens the idea that the 
negative MR of the oxygen deficient STO film is closely 
related to the carrier freezing state. Additionally, the 
bulk STO seems to be more conductive than the STO film 
since there is no carrier freeze-out in it. This evinces that 
the local concentration of oxygen vacancies in the bulk 
STO surface is larger than that in the STO film although 
they were reduced together, which strongly suggests that 
there is a sharp gradient in the concentration of oxygen 
vacancies in the bulk STO sample from the surface to 
inside. Thus all the electrical properties related phenom- 
ena in oxygen deficient bulk STO should be mostly just 
the local properties of the near surface area. 

Interestingly, the behavior of the carrier freeze-out ob- 
served here is quite comparable to the spin glass behavior 
[25,26], for example, the carrier freezing transition, the 
relaxation of the frozen resistivity (although here is due 
to the thermal effect), and the suppression of the frozen 
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FIG. 5: (a) Out-of-plane magnetoresistance the oxygen defi- 
cient STO film up to 9 T and (b) the oxygen deficient STO 
single crystal substrate up to 5 T which was vacuum-annealed 
together with the STO film. The temperature dependence of 
the carrier mobility for the latter is shown on a logarithmic 
scale in the inset of (b). 



state by the external fields. From this aspect, we can also 
coin this as "charge glass" to more vividly represent its 
characteristics. 

In summary, we argued the uniformity of oxygen va- 
cancies in the bulk STO single crystals by studying the 
high quality STO single crystal film via various means. It 
was found the actual uniform thickness of the bulk STO is 
around several ten times smaller than the whole thickness 
and all the intriguing electrical phenomena of the oxygen 
deficient bulk STO could only be the local surface prop- 
erties due to the obvious gradient in the concentrations of 
oxygen vacancies from surface to inside. Moreover, we in- 
vestigated the MIT observed in the oxygen deficient STO 
film. The low temperature frozen state can be remark- 
ably re-excited by the applied electric field. The thermal 
effect in oxygen deficient STO film during the electrical 
measurements is pronounced due to its poor thermal con- 
ductivity although the re-excitation of thermal effect to 
the low temperature frozen state is far less effective than 
the electric field. It was also found that large external 
magnetic fields can suppress the carrier freezing and gen- 
erate negative MR. The possible mechanism proposed for 
that is the magnetic field can detrap the localized elec- 
trons under the frozen state through Lorentz force with 
the help of an electric excitation. The high similarity 
between the various behaviors of the carrier freeze-out 
and the spin glass state enables us to think the carrier 
freezing state as a kind of "charge glass" state. 
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